ABSTRACT A wideband bandstop frequency selective surface (FSS) for electromagnetic interference (EMI) reduction applications is presented for the S-, C-, and X -bands. The proposed FSS is made of convoluted square and circular loop elements, which are employed on the opposite surfaces of the RO3010 substrate. The overall dimensions of the FSS are reduced to 0.15λ at the center frequency compared with the conventional loop elements with an overall decrease in the size of more than 90% at the center frequency. It has a bandwidth of 9 GHz to reduce the harmful effects on the human body due to EMI caused by radio transceivers. It can also be employed as a sub-reflector to enhance the gain and the bandwidth of the antennas. Furthermore, it has many advantages in comparison to the designs presented in the latest research. For example, it has a low profile, the fractional bandwidth is enhanced up to 120%, and it ensures better angular stability for transverse electric (TE) as well as transverse magnetic (TM) polarized waves. Moreover, an average signal attenuation of more than 30.60 and 19.5 dB is ensured in the entire band for TE and TM modes, respectively. The simulation results are obtained using a high-frequency structure simulator (HFSS) and validated through the experimental results.
I. INTRODUCTION
FSSs can be constructed by employing the metallic elements of identical geometry on a dielectric substrate or as apertures by perforating a metallic screen in an array of one, two or three dimensions to act as spatial filters for microwave and millimeters wave applications [1] . When an incident electromagnetic wave strikes the FSS, a phenomenon of total transmission or reflection happens to depend upon the geometry of the element. These FSSs are successfully integrated into telecommunications, radomes, antennas, absorbers, wireless security apparatus, missiles, and electromagnetic shielding [1] . Electromagnetic interference (EMI) generated by radio transceivers has become a considerable threat that affects the performance of wireless systems due to electrostatic coupling or electromagnetic induction [2] . Advancement in wireless technology has also affected human health due to the radiation caused by radio devices [3] . Both natural and artificial sources like cellular networks, lightning, Aurora, ignition systems etc. generate
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variable voltages and currents that may initiate EMI and thus interrupt the operation of a wireless system. To address these challenges many techniques are proposed by different researchers to find out an optimum solution by using FSSs [1] , thin metal sheets, such as electromagnetic bandgap structures and metamaterials [4] and [5] . However, FSS has become the most favorite choice due to its several advantages. It can be easily integrated into a wireless system for effective isolation from the interfering signals due to its low profile and lightweight. Another important advantage of FSS is ease in fabrication due to its simple geometry and low cost. In [6] , authors have presented an electromagnetic FSS absorber for both high and low permittivity values. They investigated the impact of normal and oblique angles of incidence on the bandwidth of the absorber. The angular and polarization stability were ensured for 0 • , 30 • and 60 • incidence for both TE and TM polarizations. In [7] , an FSS based on cantor dust fractal geometry for polarization independent operation for UWB applications was presented. The −10 dB fractional bandwidth of the design was 86.9 % at the center frequency. The angular stability of the proposed FSS was investigated for 0 • and 30 • incidences. In [8] , an FSS of cross-slot element coated on a flat glass was designed for EMI shielding, for Ku-band applications. The transmission and reflection characteristics were theoretically and experimentally demonstrated for narrow frequency band from 12.2 GHz to 12.7 GHz. However, the aspect of angular and polarization stability was not discussed. Shielding effectiveness for X-and Ka-bands with a −10 dB bandwidth of 7.5 GHz was achieved in [9] , using circular and cross-dipole elements. On the basis of the parametric analysis, angular stability of up to 45 • incidences was ensured for both polarizations. A multilayer FSS was constructed in [10] , using Kotch fractal element with a bandwidth of 6 GHz at −10 dB, where the numerical and experimental results for 0 • of incidence were presented. However, due to multilayer geometry, the bottom of the transmission curve is flatter with faster roll-off. A UWB FSS using dual layer metallic structures array operating from 2.87 GHz to 10.87 GHz was designed in [11] . At the center frequency, 8 GHz bandwidth was achieved for TE polarization with fractional bandwidth of 116 %. The paper presented the theoretical and experimental results for normal angle of incidence for TM polarization. A synthesis technique to design a square and modified circular loop FSS having narrow bandwidth was presented in [12] - [13] for satellite communication applications. Researchers in [14] - [20] presented various bandstop FSS for narrow and wideband communication applications. A dual layer wideband stop FSS and its equivalent model was proposed in [15] , which solved the synthesis problem in order to acquire the structural parameters of the FSS for the desired frequency band. FSS for X-band shielding applications were proposed by [14] and [18] , which investigated the angular and polarization stability up to 60 • and 45 • incidences, respectively. In [16] , a single layer multiband bandstop FSS was designed for WLAN, X-band and WiMAX applications for vertical and horizontal polarization of up to 50 • incidences. A bandstop FSS of high and low permittivity values was presented in [19] and [20] having a bandwidth of 1.5 GHz and 2.41 GHz, respectively designed for shielding applications. Convoluted FSS and its advantages over the conventional elements was investigated in [17] for normal angle of incidence. Although several unique aspects were presented in [4] - [17] , [17] - [20] and [27] for narrow and wideband communication applications but in all these cases some important features such as angular and polarization stability, transmission curve of extended bandwidth having faster roll-off and flatter bottom, smaller thickness and periodicity of the unit cell and simple geometry of the design were not investigated, as summarized below:
• Angular and polarization stability of the design in [7] , [9] , [11] , and [14] - [17] , [17] - [20] were not realized for TE and TM polarization for a higher angle of incidence.
• The −10 dB fractional bandwidth obtained in [7] , [9] , [14] - [16] and [18] - [20] are narrower.
• The thickness of certain FSSs presented in the literature [7] , [9] , [15] , [16] , [19] and [20] are higher and thus increased the overall density and complexity of the respective designs.
• Improper selection of the substrates and elements in [9] , [11] and [14] - [19] increased the periodicity of the unit cell which affected the angular and polarization stability of the respective designs.
• To obtain the shielding effectiveness, absorber designs having complex geometries were proposed by different researchers in [4] - [7] , [10] , [11] , [17] , [19] , [20] and [27] . In this research, a wideband FSS has been designed using convoluted square loop (CSL) and convoluted circular loop (CCL) elements. The U-shaped bending has been introduced at the interval of 90 • to the conventional square and circular loop elements. This novelty of convoluting the circular and square elements at the same angle and employing them on the opposite surfaces has resulted in a compact, miniaturized, lightweight and low profile dual-layer wideband FSS as compared to the conventional square and circular loop FSS. Such a compact dual layer FSS design has not been reported to date in which a comprehensive package of wider bandwidth up to 9 GHz, angular and polarization stability up to 80 degrees, shielding effectiveness of more than 19.5 dB and fractional bandwidth of 120% is achieved. The periodicity and dimensions of both square and circular loop elements are kept smaller to remove the grating lobes and to enhance the polarization and angular stability of the wideband convoluted FSS. The FSS dimensions are reduced to 0.15λ at the center frequency with reduction of more than 90% in the size at center frequency 7.5 GHz. Besides the fact that the proposed FSS can be used to increase the performance of radio devices by reducing the EMI as demonstrated in [21] . It can also be employed to improve the gain, bandwidth, directivity, and VSWR of wideband antennas by reflecting the incident waves and thus return loss is also minimized as reported in [22] - [24] . The paper is structured as follows. Geometry, design and dimensions of the FSS are presented in Section II. In Section III, theoretical and experimental results are presented. The section also details the fabrication and experimental setup to verify the simulated results. Shielding effectiveness, angular as well as polarization stability of convoluted FSS is presented in Section IV and V, respectively. Finally, paper is concluded in Section VI.
II. WIDEBAND FSS DESIGN
The dimensions of the designed wideband convoluted FSS are depicted in Fig. 1 and Fig. 2 . The convoluted FSS is constructed by CSL and CCL elements employed on the outer surfaces of the substrate. The U-shaped inward bending in the unit cell is introduced at an angle of 0 • , 90 • , 180 • and 270 • for both CSL and CCL elements. Bandwidth of the FSS is proportional to the width of the element but at the cost of angular and polarization stability. The width of CSL and CCL elements is optimized and U-shaped bending is introduced as shown in Fig. 1 to improve the angular and polarization stability to achieve a constant bandwidth for TE and TM polarization against normal and oblique angle of incidence. Fig. 1(c) shows the parameters R 1 and R 2 which represent the inner and the outer radius of the CCL element, respectively. Fig 1(c) shows the periodicity of CSL and CCL unit cell which is represented by the parameter L. The outer length of CSL element is represented by a parameter W 1 whereas T represents the strip width as shown in Fig. 1(a) . The inter-element spacing between CSL and CCL is 0.4 mm in horizontal as well as vertical directions. The 3D view of the designed wideband FSS in Fig. 2 is also showing the thickness of convoluted unit cell that is 1.524 mm. The loss tangent and permittivity of the substrate are 0.02 and 10, respectively. Both the elements are electric conductors which are made of copper having thickness of 0.035 mm. The length and the radius of CSL and CCL elements are calculated as per the following equations, respectively.
In the above equations, L is the length of the CSL element. Inner radius of the CCL element is represented by R, c represents the speed of light, ε r is the permittivity of substrate and ε eff is equal to (1 + ε r )/2 as suggested in [1] . However, both the equations give the approximated values which are further optimized by adjusting the values of different parameters of the proposed wideband convoluted FSS. Finally, the thickness of the proposed design has been adjusted to make it compact and low-profile according to the following parameters suggested in [1] :
• Firstly, RO3010 having high permittivity (ε r ) value has been used to reduce the thickness of the substrate as suggested in [1] . Both lower (f l ) and higher (f h ) resonance
• Secondly, thickness (d) of the substrate has been optimized by using the relation indicated in [1] . The guided wavelength (λ ε ) is calculated using the following formula:
where λ 0 is the operating wavelength which satisfies the thickness parameter of the proposed FSS. Thus, high permittivity value of a dielectric substrate will reduce the guided wavelength which will further reduce the thickness of the substrate. However, a high permittivity material decreases the bandwidth of the FSS as mentioned in [1] . This bandwidth-thickness dilemma has been addressed in this work by using the dual layer FSS based on convoluted loop elements, which results in wider bandwidth of 9 GHz for TE and TM polarizations up to 80 degree incidence, as demonstrated in Section III.
III. THEORETICAL AND EXPERIMENTAL RESULTS
The modeling and simulation are done in ANSYS HFSS [25] using master and slave boundaries with two Floquet ports. The structure is excited with the plane waves through Floquet ports then transmission and reflection coefficients are calculated in terms of S-parameters. Firstly, conventional square and circular loop elements of the same dimensions of CSL and CCL are simulated without introducing U-shaped inward bending to investigate the difference between the conventional and convoluted square and circular based FSS. For conventional square and circular elements resonance frequencies are significantly shifted across at 60 • and 80 • incidence for TE and TM polarizations. Thus, overall bandwidth and angular stability is affected as shown in Fig. 3 and Fig. 4 . It can also be noticed that some grating lobes around 4.8 GHz and 11 GHz are observed for both polarizations. Secondly, CCL and CSL elements are designed and simulated separately to resonate at lower and higher frequencies, respectively. A comparison of conventional and convoluted FSS is presented in Table 1 . It has been observed that bandstop characteristics have been significantly enhanced by introducing U-shaped bending in conventional square and circular loop elements. U-shaped bending in conventional loop elements has many advantages over the conventional loop elements such as reduction in the overall size of the unit cell; elimination of grating effects; minimization of loading of elements; increase in angular and polarization stability and a stable bandwidth of FSS at −10 dB for normal and higher angles of incidence. Simulation results of CSL, CCL, conventional and the proposed FSS at 0 • can be seen in the transmission coefficients are also presented in Table 2 . For TE polarized wave a bandwidth of 9 GHz is achieved at 0 • , 60 • and 80 • incidence. For TM polarization the bandwidth of 9 GHz is achieved at 0 • and 60 • incidence whereas at 80 • bandwidth has been reduced to 5 GHz. To endorse the simulated results, a prototype of 29 × 41 cells of 178 × 228 mm 2 dimensions was fabricated using RO3010 of 1.524 mm thickness with ε r = 10 as shown in Fig. 6 . Network analyzer from Agilent Technologies PNA-X N5242A [26] , with two 15 dBi horn antennas, having operating bandwidth 10 MHz to 26.5 GHz and 1 GHz to 18 GHz, respectively are utilized. The perspective view of free space experimental setup can be seen in Fig. 7 . For free space measurements, aluminum shielding screen is integrated with the stand to restrict the transmission of signals. The stand is placed between the transmitting (T x ) and receiving (R x ) antennas, as shown in Fig. 7 . The prototype is placed in the stand of aluminum shielding screen. It is ensured that there is no leakage of signals between the boundaries of prototype and aluminum shielding screen during the measurement. Before the measurements of FSS, calibration of the experimental setup was conducted through the open window of aluminum shielding screen and free space propagation loss is measured which is later subtracted from the FSS measurements to eliminate the impact of attenuated microwave signals. The space between the T x and R x antennas has been calculated using the far-field theorem as per the below equation. Fig. 8 and Fig. 9 for both the polarizations. The lower resonance frequency is 5.15 GHz whereas higher resonance frequency is 8.8 GHz, while their corresponding transmission coefficients are −38.70 dB and −54.99 dB, respectively. It is observed that a stopband of wider bandwidth of 9 GHz achieved at −10 dB, when both elements are placed on the outer sides of the substrate. It is also noticed that for convoluted FSS, due to mutual coupling of CSL and CCL elements, resonance frequencies at 0 • , 60 • and 80 • are shifted across from 5.92 GHz to 5.15 GHz and 8.2 GHz to 8.8 GHz which resulted in wider bandwidth. It is apparent that for the designed FSS there is a great agreement among the experimental and simulated results. Table 3 compares some important aspects of different designs which are published in the literature. In the literature, researchers have presented −10 dB bandwidth (BW) and fractional bandwidth (FBW) against their proposed design for wideband communication applications using the following equations:
In above equations f H , f L and f c are the higher, lower and center frequencies. Using the above equations, we have calculated −10 dB bandwidth and fractional bandwidth for the proposed FSS which is presented in Table 3 . In [7] , [9] , [11] and [15] −10 dB bandwidth are 8 GHz, 7.50 GHz, 8 GHz and 8 GHz, respectively. But these bandwidths were obtained at the cost of size, angular and polarization stability, shielding effectiveness, fractional bandwidth and higher substrate thickness, as shown in Table 3 . In this work, as compared to various FSSs presented in other research works, bandwidth is extended to 9 GHz for both polarizations, angular stability is ensured up to 80 • , fractional bandwidth is enhanced to 120%, the thickness and size of the unit cell is significantly minimized as illustrated in Table 3 . A significant reduction in size was achieved by introducing U-shaped bending in a conventional FSS which has minimized the periodicity of unit cell along x-and y-directions and thereby the performance of the proposed FSS has significantly improved as compared to the conventional FSS. The overall size of the wideband convoluted FSS is reduced about 75%, 98%, 22%, 22%, 64% and 36% as compared to [9] , [13] , [14] , [15] , [17] and [18] , respectively as established in [27] . The magnitude of electric field on the surface of the proposed FSS are demonstrated in Fig. 10 . To understand the physics of the proposed FSS, convoluted unit cell is excited by a horizontally and vertically polarized wave along z + direction. Higher surface current density against lower and higher resonance frequencies is demonstrating the reflection characteristics of the incident electric (E i ) wave along z + direction. It can be observed in Fig. 10 (b) , Fig. 10 (c) and Fig. 10 (d) that the surface current density is greater at 5.17 GHz, 7.50 GHz and 8.77 GHz, thus demonstrating the existence of stopband at lower, central and higher resonance frequencies, respectively. For out of stopband at 1 GHz the surface current density is lesser which can be shown in Fig. 10 (a) , as an incident wave transmits through the proposed FSS which results in higher transmission coefficients.
IV. SHIELDING EFFECTIVENESS
Performance of the proposed FSS is analyzed through shielding effectiveness which can be calculated using the following relation given in [9] S(dB) = 20 × log| E i E t |
In the above equation, E i and E t are incident and transmitted electric field component, respectively. It can be observed in Fig. 11 and Fig. 12 that an average attenuation of 30.60 dB and 19.57 dB for TE as well as TM polarizations is achieved, respectively from 3 GHz to 12 GHz against 0 • , 60 • and 80 • incidence. 
V. ANGULAR AND POLARIZATION STABILITY
Theoretical and experimental results for both vertically and horizontally polarized waves are presented for 0 • , 60 • and 80 • angles of incidence. Angular as well as polarization stability of the wideband convoluted FSS is ensured up to 80 • and 60 • for TE and TM modes, respectively which could not be achieved in [7] - [11] , [15] , [18] and [20] . Loop elements are selected to pack them closer together to reduce the interelement spacing which resulted in greater bandwidth, better resonance stability for normal and oblique angle of incidence. In this work, angular stability is achieved because of least inter-element spacing, U-shaped bending and appropriate dimensions of the overall FSS structure. U-shaped bending is introduced for angular and polarization stability in [17] and [18] to achieve the wider bandwidth, shielding effectiveness and to lessen the overall size of the FSS. The flatness of the transmission curve is also achieved by placing a dielectric slab between the CSL and CCL elements as suggested in [1] . The dimension and periodicity along x and y directions is 0.15λ at the center frequency which is 3.12 times less than the operating frequency at 3 GHz. The thickness of the substrate is λ/26 which is also smaller than λ/4 at the center frequency as compared to the conventional multi-layer FSS [11] , thus making it low profile. No grating lobe was observed due to the smaller inter-element spacing making the FSS more stable for both the polarized waves at normal and higher angle of incidence. As observed, proposed FSS has ensured angular stability for large angle of incidence. At normal angle of incidence the transmission coefficients are identical for both the polarizations, since the structure of the FSS is symmetrical. However, it is noticed that the bandstop characteristics of the FSS are altered for both the polarizations as the angle of incidence is increased. The bandwidth for TE polarization is extended whereas bandwidth for TM polarization is degraded as the angle of incidence is increased. The bandwidth of the proposed wideband FSS is constant for TE and TM modes up to 60 • . But at 80 • angle of incidence, its bandwidth is reduced for TM polarization from 9 GHz to 5 GHz. This degradation in the bandwidth was experienced due to the variation in the wave impedance for both the polarizations as demonstrated in [28] - [33] . For TE mode wave impedance decreases as the angle of incidence increases resulting in smaller quality factor that leads to a greater fractional bandwidth. For TM mode, the wave impendence is increased by increasing the angle of incidence. Thus, quality factor is increased that causes a smaller bandwidth for TM polarization.
VI. CONCLUSION
A low profile, lightweight, wideband FSS is proposed which is validated through simulation and experimental results. Good angular and polarization stability are achieved for a bandwidth of 9 GHz. It covers S, C, and X bands and provides an average SE of more than 20 dB. The same design can be utilized for Ku, Ka, and K bands by optimizing the dimensions of the proposed FSS using equations 1 and 2. The proposed design has minimized the overall size to more than 90% as compared to the corresponding conventional loop elements. The FSS design can have numerous applications such as gain and bandwidth enhancement in antennas due to its reflection characteristics. Performance of radio devices can be enhanced by reducing EMI with the help of the proposed FSS. It can also be utilized for EMI suppression in aerospace systems as well as in military ground vehicles for their mobile communication. Moreover, it can be used for WLAN security for 3.6 GHz, 4.9 GHz, 5 GHz and 6 GHz frequency bands. For the indoor environment, a no signal zone can be created by placing the convoluted FSS at the entrance of the unwanted signals to reduce the harmful effects of EM waves on the human body.
